Atmospheric pressure (AP) MALDI has been combined with Fourier transform mass spectrometry (FTMS) to obtain the unambiguous characterization of RNA samples modified by solvent accessibility reagents used in structural studies of RNA and protein-RNA complexes. The formation of cation adducts typical of MS analysis of nucleic acids was effectively reduced by extensive washing of the anionic analytes retained onto the probe surface by strong interactions with a cationic layer of poly(diallyldimethylammonium chloride) (PADMAC). This rapid desalting procedure allowed for the detection of DNA and RNA samples in high femtomole quantities distributed over a 4 ϫ 4 mm sample well. AP MALDI-FTMS was shown to provide high-resolution spectra for analytes as large as ϳ6.4 kDa with little or no evidence of metastable decomposition. The absence of significant metastable decay observed for precursor ions selected for tandem experiments offered a further measure of the low energy content typical of ions generated by AP MALDI. This feature proved to be very beneficial in the characterization of chemically modified RNA samples, which become particularly prone to base losses upon alkylation. The high resolution offered by FTMS enabled the application of a data-reduction algorithm capable of rejecting any signal devoid of plausible isotopic distribution, thus facilitating the analysis of complex analyte mixtures produced by nuclease treatment of RNA substrates. Proper selection of nucleases and digestion conditions can ensure the production of hydrolytic fragments of manageable size, which could extend the range of applicability of this bottom-up strategy to the structural investigation of very large RNA and protein-RNA complexes. T he analysis of nucleic acids by matrix-assisted laser desorption ionization (MALDI) [1, 2] mass spectrometry has to contend with the intrinsic fragility of their respective pseudo-molecular ions, which are prone to extensive gas-phase decomposition in the source region and in the mass analyzer [3] [4] [5] [6] [7] [8] . The prompt fragmentation and metastable decay of these ions are only desirable when the ultimate goal is to obtain sequence information on normal and modified nucleic acids [3, 5, 9 -12]. Far more frequently, these processes result in unwanted loss of sensitivity and resolution, which may severely hamper the detection of the analyte of interest. The occurrence and extent of decomposition have been correlated not only to the laser energy, the choice of matrix, and the sample base composition [13] [14] [15] , but also to the time necessary to complete the mass analysis. In general, nucleic acid ions are known to undergo more extensive metastable decay when analyzed by Fourier transform mass spectrometry (FTMS) [16, 17] than by time-of-flight (TOF) [18, 19] , as expected from the substantially longer time scale associated with the former than with the latter technique (i.e., in the order of milliseconds to seconds versus microseconds) [3, 9, 20 -22].
T he analysis of nucleic acids by matrix-assisted laser desorption ionization (MALDI) [1, 2] mass spectrometry has to contend with the intrinsic fragility of their respective pseudo-molecular ions, which are prone to extensive gas-phase decomposition in the source region and in the mass analyzer [3] [4] [5] [6] [7] [8] . The prompt fragmentation and metastable decay of these ions are only desirable when the ultimate goal is to obtain sequence information on normal and modified nucleic acids [3, 5, 9 -12] . Far more frequently, these processes result in unwanted loss of sensitivity and resolution, which may severely hamper the detection of the analyte of interest. The occurrence and extent of decomposition have been correlated not only to the laser energy, the choice of matrix, and the sample base composition [13] [14] [15] , but also to the time necessary to complete the mass analysis. In general, nucleic acid ions are known to undergo more extensive metastable decay when analyzed by Fourier transform mass spectrometry (FTMS) [16, 17] than by time-of-flight (TOF) [18, 19] , as expected from the substantially longer time scale associated with the former than with the latter technique (i.e., in the order of milliseconds to seconds versus microseconds) [3, 9, 20 -22] .
Over the years, the potential of MALDI-FTMS for high-resolution analysis of biomolecules has provided a powerful motivation for the development of strategies aimed at minimizing gas-phase decomposition and improving sensitivity and resolution. The utilization of selected matrix additives, refined trapping and axialization methods, and collisional cooling of trapped ions was initially proposed to increase the performance of instruments in which ions were generated within the FTMS cell, or in its immediate proximity [23] [24] [25] [26] [27] [28] [29] [30] [31] . Later, the introduction of external MALDI sources enabled the decoupling of the ion production from the analysis step and afforded a more efficient way to control the cell vacuum through multiple stages of differential pumping [32] [33] [34] . This feature has gained further significance since the more recent demonstration that low-energy ions could be effectively produced by injecting inert gas into the external source during the desorption event [35] [36] [37] , in agreement with initial results obtained on a MALDI-TOF instrument [38] .
The concept of collisional dampening of MALDI-generated ions has been taken a step further by the parallel development of atmospheric pressure (AP) MALDI [39, 40] , in which ions are produced by firing a laser at a sample plate that is held very close to the inlet of an atmospheric pressure ionization (API) source. In this case, the plume is drawn into the source by pressure and voltage gradients, while ions undergo collisional cooling and declustering processes that are similar in nature to those involved with desolvation in electrospray ionization (ESI) [41] . Implemented on quadrupole-time-of-flight [40, 42, 43] and ion trap [44 -48] analyzers, AP MALDI has proven to be very effective in the analysis of labile post-translational modifications [46, 49, 50] , oligosaccharides [51] , and lipopeptides [52] . We have recently investigated the merits of coupling this ionization technique with FTMS for the characterization of complex peptide mixtures, demonstrating the ability to fully resolve isobaric peptides that differ in mass by less than 0.04 Da [53] . The aim of the present work is to assess the value of AP MALDI-FTMS in the investigation of normal and chemically modified nucleic acids. In particular, we have tested the hypothesis that the gentle nature of this ionization technique may facilitate the characterization of analytes that are very fragile per se and become increasingly prone to gas-phase fragmentation upon covalent modification of the nucleobases.
Experimental
RNA constructs were prepared by in vitro transcription of synthetic DNA templates using the phage T7 polymerase, or purchased from Dharmacon Research, Inc. (La Fayette, CO). DNA templates, primers, and standards were purchased from the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University (New Haven, CT). The solvent accessibility probes dimethylsulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene sulfonate (CMCT) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO), while kethoxal (KT) was obtained from ICN Biomedicals, Inc. (Costa Mesa, CA). MALDI matrices ␣-cyano-4-hydroxycinnamic acid (CHCA), 2-(4-hydroxyphenylazo)benzoic acid (HABA), nicotinic acid (NA), 3-hydroxypicolinic acid (3-HPA), and sinapinic acid (SA) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Saturated solutions were prepared immediately prior to analysis using HPLCgrade acetonitrile and deionized water. Poly(diallyldimethylammonium chloride) (PADMAC) was purchased from Polysciences, Inc. (Warrington, PA). All reagents were used as received from the manufacturer without further purification.
After heat renaturation of the RNA constructs, 10 L of up to 20 M solutions of substrate were treated with the chemical probes as described earlier [54] . Alkylated products and un-modified controls were subsequently digested with either RNase A or T1 (Sigma-Aldrich Chemical Co.), and desalted by overnight ethanol precipitation [54] . The pellets were redissolved with ϳ10 L of 10 mM ammonium acetate (pH 7.0) immediately prior to analysis.
Each well on the sample stage was initially treated by depositing 1 L of a 100 mg/mL PADMAC solution in water. After washing the excess solution from the PADMAC layer formed on the metal surface, ϳ1.0 L of up to 20 M solutions in total RNA (unless otherwise indicated) was typically spotted onto each well and incubated for 15 min at room temperature to allow for binding of oligonucleotide analytes to the polycationic coating. The binding procedure was followed by at least four consecutive washes using 2 L each of a 10 mg/mL solution of ammonium citrate in water. Finally, 1.0 -2.0 L of saturated matrix solution was applied and let dry at room temperature.
All samples were analyzed on a Bruker (Billerica, MA) Apex III Fourier transform mass spectrometer equipped with a 7.0 tesla superconducting magnet and an Apollo atmospheric pressure ionization interface, which was fitted with a MassTech (Columbia, MD) AP/MALDI source model 221 described previously [53, 55, 56] . The source consists of a flange containing a computer-controlled X-Y positioning stage and a digital camera, and is powered by a control unit that includes a commercial nitrogen laser (337 nm). Upon laser firing, photons are transmitted from the control unit to the flange by an optical fiber cable (400 m diameter). The sample position can be controlled either manually by the user or set to raster automatically through the sample well according to predefined patterns (Target software, MassTech, Inc.). A recently developed pulsed dynamic focusing (PDF) [57] module can be tuned to momentarily switch off the high voltage (2.5-3.5 kV) applied between the sample plate and the API inlet, in such a way as to allow for the majority of ions to be efficiently entrained by the pressure gradient between the atmospheric region and the first stage of vacuum, rather than follow the field lines and discharge on the inlet sides or the source walls [53, 57] . No drying gas was employed in these experiments; a range of capillary temperatures (T C ) was varied between 150 and 240°C.
Typical spectra were the result of an average of 5-200 scans acquired in positive ion mode with a total accumulation time varying from 12.5 to 400 s, during which the laser was continuously fired with a 10 Hz repetition rate. The time allowed for ions to accumulate in the external hexapole, which is located immediately after the second skimmer in the API source [58] , was largely responsible for determining the total duration of each scan. Tandem experiments were carried out by isolating the precursor ion of interest using correlated RF sweeps (CHEF)° [59] °followed°by°activation°through°sustained off-resonance°irradiation°(SORI)° [60] °against°an°Ar background. Irradiation frequencies that were both above and below the cyclotron frequency of the precur-sor ion were tested to avoid the occurrence of blind spots°in°the°product°ion°spectrum° [60] .°Optimal°fre-quency offsets were found to be ϳ400 -2000 Hz below that of the precursor ion. Mass assignments were based on a minimum three point external calibration obtained from standard oligonucleotides.
Results and Discussion
Sample preparation constitutes a crucial aspect in MALDI analysis of nucleic acids, which are prone to formation of cation adducts that may induce loss of resolution°and°signal°suppression° [5] .°A°valid°alter-native to lengthy purification procedures involving ultrafiltration or HPLC is provided by on-probe desalting strategies, which take advantage of the strong electrostatic interactions between negatively charged oligonucleotides and polycationic films deposited°onto°the°MALDI°stage° [5,°61-°63] .°Following°a similar approach, we have implemented an on-probe purification protocol, which uses sample wells coated by an homogeneous layer of poly(diallyldimethylammonium chloride) (PADMAC, see the Experimental section) to selectively retain oligonucleotide samples over salt interferents and allow for their extensive washing with ammonium citrate before matrix application° [64] .°As°shown°in°Figure°1,°the°capture/ washing procedure was found to be critical for the detection of DNA and RNA oligonucleotides by AP MALDI-FTMS. Possibly attributable to overwhelming suppression effects, no signal could be detected for a standard 7-mer deoxyoligonucleotide (QZ11, sequence°provided°in°Table°1),°which°was°loaded onto untreated sample plates and immediately analyzed°(Figure°1a).°On°the°contrary,°intense°signals were readily observed upon capture and desalting on PADMAC-coated°wells°(Figure°1b-°d).
Classic MALDI matrices recommended for nucleic acids, such as nicotinic acid (NA) and 3-hydroxypicolinic acid (3-HPA), were initially tested, as well as matrices that are traditionally considered more suitable for proteins and peptides, such as ␣-cyano-4-hydroxycinnamic acid (CHCA), 2-(4-hydroxyphenylazo)benzoic acid (HABA), and sinapinic acid (SA). Using CHCA, which produced the best results in positive ion mode, a practical sensitivity limit of 585 fmol initially loaded onto the well was determined for the entire analytical procedure, which provided a signal-to-noise ratio (S/N) of 34:1 for the standard heptamer QZ11 (Figure°1d).°On°one°hand,°this°sensitivity°limit°is°clearly worse than the 10 fmol obtained for peptides in analogous AP MALDI-FTMS experiments using the same matrix° [53] ,°confirming°a°general°trend°in°MALDI analyses that report better results for peptides than for oligonucleotides. On the other hand, this figure of merit appears to be at least comparable to the 1 pmol limit observed with a 20:1 S/N for a 20-mer deoxyoligonucleotide analyzed on a vacuum MALDI-FTMS with external source, although a proper comparison is made problematic by the size disparity, which tends to favor the smaller oligonucleotide, and by the absence of on-probe°purification°for°the°20-mer°sample° [22] .°In fairness, it should be mentioned that, during the capture process, the nucleic acid samples were allowed to freely distribute over the entire surface of each sample well coated by PADMAC, which corresponds to a 4 ϫ 4 mm area carved onto the gold plate. Considering the tightly focused laser beam (ϳ200 m diameter) used to raster across the well, only a small portion of total analyte was actually consumed during a typical AP MALDI analysis. Therefore, much lower detection limits could be potentially reached through the implementation°of°micro-spotting° [65] °or°patterned°monolayer [66] °techniques°developed°for°vacuum°MALDI-TOF. The fact that the S/N observed for QZ11 does not appear to decrease linearly with the initial amount loaded°onto°each°spot° (Figure°1b-°d) °cannot°be°attrib- uted solely to desorption effects, but could also be due to possible saturation of the PADMAC layer and subsequent sample loss during citrate washing. Further investigation will be necessary to elucidate the parameters affecting the on-probe protocol. Optimization of the source parameters was carried out by weighing the incidence of possible metastable decomposition, which is a sign of excessive energy involved with the initial desorption event or with the declustering process in the API interface, against the abundance of matrix-analyte clusters that are typically observed when insufficient energy is available for declustering. Under optimal conditions, no significant metastable products could be observed in the AP MALDI-FTMS analysis of DNA and RNA oligonucleotides of very diverse sequence and base composition (summarized°in°Table°1),°as°exemplified°by°the°spec-trum of uridine decamer (U 10 )°shown°in°Figure°2.°The formation of matrix-adducts was also found to be much less prominent than previously observed for peptide analytes°under°similar°experimental°conditions° [53] .°In fact, no matrix-analyte clusters were detected for U 10 by using a capillary temperature (T C ) of 220°C and a 250 V difference in potential between the exit of the capillary and the first skimmer (⌬V CS ). By comparison, intense adducts were previously observed for melittin (a peptide of similar size, ϳ2.9 kDa) using analogous instrumental parameters and matrix, thus suggesting a strong correlation of cluster formation with the analyte chemical nature rather than with its size, as previously suggested° [53] .
The monoisotopic mass provided by the singly charged ion of U 10 matched very closely the mass calculated from sequence (2998.318 and 2998.294 Da, respectively), for an accuracy of ϳ8 ppm. As determined from the isotopic distribution displayed by the inset°in°Figure°2,°typical°broadband°analysis°allowed°for a resolving power of ϳ90,000 M/⌬M fwhm at ϳ3000 m/z. While this figure of merit tends to progressively deteriorate at higher mass-over-charge ratios (m/z) regardless of how the ions of interest are actually produced [16] ,°the°isotopic°distribution°of°larger°singly°charged species could still be resolved, as demonstrated by the analysis of standard 21-mer deoxy-oligonucleotides (QZ1°and°QZ2,°Table°1)°with°molecular°masses°falling in°the°ϳ6400°m/z range°(Figure°3).°In°this°case,°the isotopic envelopes shown in the insets afforded an average resolving power of ϳ26,000 M/⌬M fwhm , which enabled us to readily distinguish actual signals from RF spikes and background noise. It should be noted also that efficient desorption of progressively larger species required corresponding increases of laser irradiation (achieved by reducing the degree of attenuation applied by a filter to the original laser beam), which makes it more difficult to strike the correct energy balance necessary to provide sufficient ion currents without triggering metastable processes. It is not surprising that the best possible signal for the 21-mer QZ1 and QZ2 was obtained under instrumental conditions that also induced a detectable level of guanine loss from QZ1 (Figure°3).
For smaller analytes, however, the AP MALDI source was found to produce sufficient ion currents to perform tandem experiments without undue increases in°laser°irradiation.°Figure°4°shows°the°isolation°and product ion spectra obtained by submitting a 12 mer deoxyoligonucleotide (D12, sequence provided in Table°1)°to°sustained°off-resonance°irradiation°collision-induced°dissociation°(SORI-CID)° [60] .°Consistent°with the normally low energy content of ions generated by AP MALDI, no metastable decomposition could be observed in the isolation spectrum, even after extended trapping (up to ϳ5 s) and despite the intrinsic fragility of°nucleic°acids°ions° [5] °(°Figure°4a).°Subsequent°colli-sional activation provided characteristic series of product ions, which properly matched the analyte sequence (Figure°4b).°In°spite°of°the°fact°that°singly°charged°ions of relatively large species tend to produce less extensive fragmentation than the corresponding multiply charged ions under normal CID conditions, the products obtained from collisional activation of D12 at m/z 3628.65 allowed for nearly complete sequence coverage. The experimental conditions optimized using standard oligonucleotides were readily applied to the characterization of alkylated RNA products obtained by treating complex RNA structures with solvent accessibility probes. This application draws its significance from the fact that stable secondary and tertiary structures,°such°as°stem-loop°hairpins°and°pseudoknots° [67] , are precisely defined by the location of single-versus double-stranded regions, which can be efficiently revealed by alkylation with specific chemical probes. In previous work, we proposed a strategy based on solvent accessibility probes, such as dimethylsulfate (DMS), kethoxal (KT), and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMCT), which form covalent adducts with nucleotides that are not base-paired or otherwise protected (with DMS alkylating N7 of G, N1 of A, and N3 of C; KT modifying N1 and N2 of G; CMCT alkylating N1 of G and N3 of U) [54] .°We°have°now°tested°the°ability°of°AP°MALDI-FTMS to reveal the position of probed nucleotides by mapping the products of nuclease digestion performed before and after application of chemical probes to complex RNA substrates, such as the ribosomal frameshifting pseudoknot of the mouse mammary tumor virus (VPK), the feline immunodeficiency virus pseudoknot (FIV-PK), and the human immunodeficiency°virus°Type°1°packaging°signal°(HIV-1°Psi)° (Table  2) .°Representative°spectra°are°shown°in°Figure°5°for°the RNase A digest of VPK before and after probing with CMCT, which provided an ϳ86% coverage of the pseudoknot sequence. Matching the masses of the species detected in the control experiment with those predicted from the sequence enabled the immediate identification of the sites susceptible to nuclease cleavage under the selected experimental conditions (marked°as°dashed°lines°on°the°structure°in°Figure°5). Similarly, the presence of chemical modification was unambiguously revealed by the characteristic mass shift (251.30 Da) induced by reaction of CMCT with exposed nucleotides°during°the°probing°procedure°(Figure°5b) [54] .
Possible concerns about the practical mass range of AP MALDI-FTMS can be addressed by considering that all the hydrolysis products predicted from the substrate sequences°and°the°nuclease°specificity°(Table°2)°appear to fall well within the practical upper m/z limit determined by our standard oligonucleotides (ϳ6400 m/z), assuming that each susceptible site is efficiently cleaved by RNase A and T1. While in some cases it was actually possible to detect the heaviest predicted species, this was not realized in all of the nuclease mixtures analyzed°(Table°2).°This°observation°could°be°partially justified by the fact that no attempt was made to increase the desorption of larger ions by further increasing the laser irradiation, for fear of activating unwanted base losses through metastable processes, which were normally absent under the selected experimental con- ditions. It is also possible that the on-probe capture/ desalting procedure or the AP MALDI desorption itself may discriminate against the larger ions, when these are submitted as part of complex sample mixtures. Fortunately, the application of at least two different nucleases can usually provide overlapping sets of products, which cover the whole span of the initial structure of interest and enable the completion of a full protection map without requiring the detection of all predicted hydrolysis products. Finally, the high resolution achieved in these experiments proved to greatly facilitate the interpretation of the very crowded spectra obtained from digest mixtures of probed substrates. In particular, high resolution allowed for the application of a recently developed algorithm designed to filter out signals that do not possess°proper°isotopic°distributions°(MS2Links)° [68] . In this way, weaker signals that could be easily overlooked by visual inspection are instead readily discriminated°from°background°noise°( Figure°5b°inset°and  Figure°3°insets) °and°can°be°used°with°higher°confidence to compile more informative protection maps and generate°high°quality°3-D°models° [69] .
Conclusions
The features and figures of merit offered by AP MALDI-FTMS make this technique well suited for the characterization of sample mixtures produced by chemical probing and nuclease digestion of complex RNA structures. Under optimal conditions, the nearly complete absence of base loss and backbone fragmentation due to gas-phase metastable processes allows for the observation of intact adducts, which preserve the structural information stored by the solvent accessibility probes. The high resolution afforded by FTMS analysis exceeds the levels necessary to unambiguously discriminate the covalent modifications of interest from the cation adducts that are typical of mass spectra of nucleic acids. Further, fully resolved isotopic distributions enable the implementation of a data-reduction algorithm, which increases the confidence in the identification of weaker signals provided by probed products and expedites the interpretation of very complex spectra. This aspect is also helped by the preponderant observation in AP MALDI spectra of singly charged species, which contrasts with the multiple overlapping charge states distributions that are typical of mixtures analyzed by electrospray ionization. The application of different nucleases or complementary hydrolysis methods (e.g., alkaline treatment) can afford complete sequence coverage with no loss of information due to products that may exceed the practical size accessible to our analyses. Appropriate selection of hydrolytic procedures and fine tuning of their application can also ensure that the size of alkylated oligonucleotides will offer the possibility of sequence confirmation by tandem experiments. Without the implementation of any microspotting method that could greatly improve the overall sensitivity of the technique, the approach based on AP MALDI-FTMS generated a great deal of structural information with a total sample consumption equivalent to an insignificant fraction of the amount necessary to perform either NMR or X-ray crystallography. By expanding to progressively larger RNA substrates, which are expected to provide increasingly complex mixtures of probed/cleaved products, the proposed approach will help to bring mass spectrometry to the forefront of the analytical techniques employed in the structural and functional investigation of RNA and protein-RNA complexes by chemical methods.
